1. Introduction {#sec1}
===============

Fossil fuel has been considered as a primary source of energy since the nineteenth century and its consumption is increasing because of the tremendous increase in population growth. The energy reserves in this universe are constant and irreversible. The dependence of human beings on these energy reserves may cause serious problems in future. In order to overcome this problem, we must either discover other energy resources or at least need to develop the techniques to harvest the waste energy. In order to overcome this problem there is a way to reuse waste energy to produce fresh energy for human use. These days, researchers are trying to establish new ways to harvest waste energy as an alternative.^[@ref1]−[@ref5]^

Pyroelectricity is a phenomenon by which the change in the temperature can generate electrical energy in some materials. Pyroelectric energy harvesting (PyEH) is preferred to be operated at lower possible temperatures. Thus, by increasing the temperature of a pyroelectric material, the domains get aligned and give rise to additional electricity by accumulating charges on the top and bottom electrodes.^[@ref6]−[@ref8]^

In order to explain the energy harvesting processes, in general, three thermodynamic cycles, named the Carnot cycle, the Ericson cycle, and the Olsen cycle, are used. Among these, the Olsen cycle is our interest, which converts the change in the heat energy into polarization which is eventually used to harvest the electrical energy.^[@ref9]−[@ref12]^

The Olsen thermodynamic cycle operates between the electric field and the temperature at which we get a change in polarization upon fluctuation of the temperature. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows that the pyroelectric material is heated at different temperatures which eventually align the ferroelectric domains and changes the polarization. The most common application of pyroelectric energy conversion is thermal sensors. If the efficiency of a pyroelectric energy converter is sufficiently high, we can also use it to store the electrical charge for supercapacitors and dielectric batteries.^[@ref13]−[@ref15]^

![Schematic of ferroelectric polymer heating at high temperatures on the basis of the Olsen power cycle which eventually harvests the energy created due to the additional polarization achieved by charge accumulation at electrodes on lowering the temperature. The figure also shows the alignment of domains upon heating the pyroelectric material up to the ferroelectric to paraelectric phase transition temperature.](ao0c00871_0001){#fig1}

In this study, we report the enhancement in PyEH at ferroelectric--paraelectric (F--P) transition temperature. We also conducted a PyEH test at lower and higher temperatures, that is, at *T*~L~ = 25 °C and *T*~H~ = 40 °C, respectively, for the higher antiferroelectric blend (χ = 0.9) to harvest a handsome amount of electricity.

In order to fabricate free-standing films for the polymer blends, 10 g of copolymer and 90 g of terpolymer were separately dissolved in methyl isobutyl ketone (MIBK). The filtered normal ferroelectric and relaxor ferroelectric solutions were then mixed in stoichiometric weight ratios of P(VDF-TrFE)/P(VDF-TrEF-CTFE) = χ:χ -- 1 (χ = 0.0, 0.1, 0.2, \..., 1.0). In order to measure the electrical properties, we sputter the top and bottom platinum (Pt) electrodes on the free-standing films. For material characterization of the polymer blend, the films were subjected to diffraction scanning calorimetry (DSC) (TA Instruments' Q Series; heating rate: 10 °C/m), X-ray diffraction (XRD) (D8 ADVANCE, BRUKER, 30 kV/1.5 mA, Cu Kα), Fourier-transform infrared spectroscopy (FTIR) (SHIMADZU, attenuated total reflection spectroscopy), and a Sawyer-Tower model for dielectric measurements.

2. Results and Discussion {#sec2}
=========================

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays the (a) XRD patterns of polymer blends, (b) polar reflection, (c) a plot of the crystallite size, and (d) atomic spacing with respect to the copolymer content (χ). The nonpolar and polar reflections attributed to the alpha (α) and beta (ß) phases at 2θ = 18.50 and 20.0°, respectively, are studied over a wide range of copolymer content, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. After blending the copolymer with the terpolymer, the inherent nonpolar reflection at (200) with the Bragg's angle 2θ = 18.5° for χ = 0.1 and having an interchain lattice spacing of 4.795 Å gradually converted into the polar reflection of copolymer content at a Bragg's angle of 2θ = 20.0° with the lattice spacing equal to 4.439 Å (calculated using the Bragg's equation 2*d* sin θ = *n*λ) from the (110, 200) reflection in ferroelectric crystalline phases. The smooth transition of nonpolar peaks into polar peaks over a wide range of copolymer content into a terpolymer is displayed in a color graph, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, which shows the gradual increase in percentage of the beta phase after blending of the copolymer with terpolymer content.^[@ref16]^ The crystallite size calculated using the Scherrer formula \[*B*(2θ) = *K* × λ/*L* cos θ\] shows a gradual increment with the addition of the copolymer content. The crystallite size calculated using the Scherrer formula for the χ = 0.1--0.9 blend is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. The *d*-spacing (Å) is found to gradually decrease from 4.795 Å to 4.439 Å. The *d*-spacing for χ = 0.1--0.6 gradually decreased up to 4.415 Å, and then increased for the χ = 0.6--1.0 blend system. It is observed that the *d*-spacing for χ = 0.1 and χ = 0.9 is nearly equal, so that both contribute to the antiferroelectric double hysteresis loop.

![(a) X-ray diffraction spectra of blends (χ = 0.1 to χ = 0.9) from 2θ equal to 14--26°. The left-hand arrow shows the nonpolar reflection and the right-hand arrow shows the polar reflection. (b) 3-D contour graph of polar reflection vs percentage of crystallinity of polymer blends. (c) The gradual increment of crystallite size with copolymer content (χ). (d) Increase of *d*-spacing of the crystallite with the copolymer content (χ).](ao0c00871_0002){#fig2}

The two obvious diffraction peaks at 2θ = 18.50° and 2θ = 20.0° are obtained and curve-fitted with the Gaussian function to reduce the effect of noise. The addition of copolymer to the terpolymer produced the defect which disturbed the *d*-spacing of the blend system. P(VDF-TrFE) produced the random defects in P(VDF-TrFE-CTFE), so that the interchain lattice spacing of P(VDF-TrFE-CTFE) is larger than P(VDF-TrFE). Therefore, *d*-spacing and crystallite size gradually decreased up to the χ = 0.6 blend and then increased up to the χ = 1.0 blend. The addition of crystallinity in the amorphous phase nucleates the nanocrystallite with *d*-spacing ranging from 4.795 Å at (200) to 4.439 Å at (110, 200) reflection in ferroelectric nanocrystalline phases, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. It is observed that the nonpolar α-peaks slowly and gradually merged with the polar ß-peaks. From the copolymer content (0.1 \< χ \< 0.3), we have observed two diffraction peaks, and the first peak attributed to the nonpolar reflection gradually decreased and the intensity of polar peaks gradually increased by increasing the copolymer content (χ). Furthermore, the positions of the first peaks were calculated by curve-fitting with the Gaussian function to be 18.47, 18.42, and 18.42°, for χ = 0.1, 0.2, and 0.3, respectively. For α \> 0.4, only one X-ray diffraction peak corresponding to polar phases was observed around 2θ = 20.0°.^[@ref17]^

The thermal stability of the P(VDF-TrFE-CTFE) and P(VD-TrFE) blend system was studied by thermogravimetric analysis (TGA). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the thermodynamic profile of polymer blends in which (a) shows the TGA thermograms of the χ = 0.1--0.9 blend, (b) shows the DSC curves, (c) shows the degradation profile, and (d) shows the specific heat capacity of polymer blends. The thermal degradation behavior is observed around 425 °C (determined from the first inflection point of the curve of the TGA curve). By increasing the copolymer content (χ) in the terpolymer, the degradation temperature gradually increased. Indeed, blending of the crystalline phase with the amorphous phase causes an increase of the degradation temperature of about 40 °C. Therefore, the blending modifies the thermal stability of the polymer films. The resistance of the blended films toward thermal degradation may be related to the complete thermal mixing in the samples. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the degradation temperature decreased to about 428 °C, indicating that a higher copolymer content (χ) decreases the degradation and increases the stability of polymer blends. These results are in agreement with the FTIR results.^[@ref18]^ We have seen the samples to exhibit a similar degradation profile, which suggested that the degradation mechanism of PVDF-based polymers does not significantly change in the case of the blend system. The addition of copolymer content (χ) results in shifting the TGA curves to higher temperatures, which indicates that the nano-crystalline phase brings good improvement to the thermal stability of the blend system.^[@ref19]^ From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, the glass transition temperature and the complete melting temperature of the χ = 0.1--\...0.9 blend are found to increase gradually. It shows the co-crystallization behavior of the polymer blend after blending the crystalline P(VDF-TrFE) with the amorphous P(VDF-TrFE-CTFE) phase.

![(a) TGA and (b) DSC curves. (c) The melting and glass transition behavior of the polymer blend (χ = 0.1--0.9). (d) Heat capacity of polymer blends χ = 0.1--0.9.](ao0c00871_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,d shows the DSC first cooling curves and the specific heat capacity (*C*~*p*~, J/Kg/K) of the P(VDF-TrFE) copolymer, P(VDF-TrFE-CTFE) terpolymer, and their blends (χ = 0.1--0.9), after melting at high temperatures for a few minutes to nullify previous thermal history. From the DSC graph, we have observed that the ferroelectric to paraelectric phase transition of χ = 0.1--0.9 is 52.9, 54.0, 55.1, 57.6, 60.5, 61.3, 61.5, 62.3, and 63.7 °C respectively. The melting point of the relaxor ferroelectric (*T*~*m*~^RF^) and the normal ferroelectric (*T*~*m*~^NF^), termed melt recrystallization temperatures for the first cooling curves, are 107 and 138 °C respectively. The area under the melt recrystallization peaks of DSC at a 10 °C heating rate also shows a gradual increment in the percentage of crystallinity of the blend system, which is also confirmed by the XRD and FTIR peaks.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the FTIR spectra obtained at 25 °C and the investigation on various reflection peaks. The antiferroelectric-like behavior of the double hysteresis loop was often found to be correlated with the characteristic reflections of FTIR having a coexistence of alpha and beta phases at room temperature.^[@ref20]−[@ref23]^ The behavior of the beta phase, as determined by FTIR, is much similar to the characteristic curve of the beta phase determined by XRD. The polar reflection as well as the beta phase of FTIR increased gradually in the blend system.^[@ref17]^

![(a) Intensity peaks of the FTIR spectra for the χ = 0.1--0.9 blend. (b--e) Intensity of α-, ß- and γ-phases at 1400, 1150, and 845 cm^--1^, respectively.](ao0c00871_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the FTIR spectra of blends containing various phases termed all-trans (TTT or T~3~), short-trans (T~3~G), long-trans (*T*~*m*\>3~), and trans-gauche (TG) at 1150, 845, 1150, and 1400 cm^--1^ respectively. From [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--e, it can be observed that the long-trans phase gradually increases and the trans-gauche phase gradually decreases at 1287 and 1400 cm^--1^ reflection peaks. In correspondence to the polar reflection of the XRD ß-peaks, the crystalline ß-peaks of FTIR at characteristic 1150 cm^--1^ increased gradually with increasing copolymer content.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--d is plotted by choosing three major characteristic reflections that are determined using the following simple formula^[@ref17]^where *A*~*i*~ is the area of the reflection of the curve under observation; *A*~1~, *A*~2~, and *A*~3~ are the characteristic reflections of the beta phase at 1150 cm^--1^, of the alpha phase at 1400 cm^--1^, and of the gamma phase at 845 cm^--1^, respectively. In our previous work, we have reported the presence of the *T*~*m*\>3~ phase at (1287 cm^--1^), which can be called the δ-phase, which is produced because of the coexistence of short- and long-trans phases and responsible for the antiferroelectric-like DHL behavior. Therefore, we have observed the double hysteresis loops for lower (χ = 0.1) and higher (χ = 0.9) copolymer content in the polymer blend.

The P--E hysteresis loop of polymer blends is obtained to investigate the heating effect on the maximum polarization, coercive field, and remanent polarization. The polymer blends were heated to various temperatures, and hysteresis loops under various electric fields were obtained. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the investigation done on the ferroelectric to paraelectric phase transition for the χ = 0.1--0.9 blend system. We have observed that the polarization of the PE loop of the blend changed at the transition temperature. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b shows the PE hysteresis loops of χ = 0.1 (lower antiferroelectric composition) and χ = 0.9 (higher antiferroelectric composition) blends. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c--j shows the line graph of PE hysteresis loops of the polymer blend at various temperatures. In contrast to Neese et al. (2008), the polarization at F--P phase transition does not always decrease gradually.^[@ref24]^ In some of the blend systems, the polarization up to F--P phase transition is increased, and for some blend systems, it shows a gradual decrease. It is observed that the χ = 0.1 blend shows a sharp increase of the polarization, while the χ = 0.9 blend shows a sharp decrease of the polarization at F--P phase transition. Both the lower antiferroelectric blend (χ = 0.1) and the higher antiferroelectric blend (χ = 0.9) contain the double hysteresis loops at a lower electric field and contain high polarization and energy storage density at room temperature. [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00871/suppl_file/ao0c00871_si_001.pdf) (Supporting Information) shows the polarization electric field versus temperature 3-D color contour graphs for the χ = 0.1--0.9 blend system. The trend is measured with increasing electric fields and temperatures. The trend shows almost similar behavior contour graphs for χ = 0.1 and χ = 0.9 blends because of double hysteresis loops.

![(a,b) Behavior of P--E hysteresis loops of χ = 0.1 and χ = 0.9 blends at 25 °C, respectively. (c--j) Gradual increment of maximum polarization (*Pm*) in a line graph of P--E loops of χ = 0.1, χ = 0.2, χ = 0.3, χ = 0.4, χ = 0.6, χ = 0.7, χ = 0.8, and χ = 0.9 blends at temperatures ranging from 40 °C to 80 °C and the electric field ranging from 16.6 MV/m to 133.33 MV/m.](ao0c00871_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the energy density comparison of polymer blends. The stored energy density of the P--E hysteresis loop is also measured by calculating the area under the curve of P--E loops with the help of a simple trapezoidal rule. The PyEH energy density (*N*~D~) values of polymer blends were also measured by operating the Olsen power cycle at *T*~1~ = 70 °C and *T*~2~ = 90 °C. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows a comparison of two types of energy densities of (χ = 0.1--0.9) polymer blends. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the comparison of χ = 0.1 and χ = 0.9 blends. Both the blends show the antiferroelectric double hysteresis loops because of the coexistence of alpha and beta phases, as evident from the XRD graphs. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the comparison of electrical energy density (*U*~E~) values at various temperatures at 100 Hz. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c shows the comparison of *N*~D~ at 70 °C at 133.3 MV/m for polymer blends (χ = 0.1--0.9). We obtained the maximum energy density for the χ = 0.1 blend because of its double hysteresis loop which bulges at the center and has a coercive field nearly equal to zero.^[@ref25]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d shows the PyEH comparison of χ = 0.1 and χ = 0.9 blends. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e shows the comparison of *N*~D~ for χ = 0.1--0.9 blends. Because of the antiferroelectric-like behavior of the χ = 0.1 blend, the *N*~D~ shows the maximum trend. The *N*~D~ is reported as 5.06 J/cm^3^, which is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e,f, at 133.3 MV/m from 70 to 90 °C at 100 Hz for the χ = 0.1 blend which has a higher *N*~D~ than the one reported by Thakre et al. (2019).^[@ref26]^

![Electrical energy density (*U*~E~) and PyEH energy density (*N*~D~) curves. (a--c) *U*~E~ of the χ = 1.0--0.9 blend and (d--f) *N*~D~ of the pyroelectric Olsen cycle operated at *T*~1~ = 70 °C and *T*~2~ = 90 °C (*T*~1~ \< *T*~2~) for the χ = 1.0--0.9 blend.](ao0c00871_0006){#fig6}

The pyroelectric Olsen power cycle was also performed for χ = 0.1 and χ = 0.9 blends at *T*~1~ = 25 °C, *T*~2~ = 40 °C, and *E*~H~ = 133.3 MV/m at 100 Hz and is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The human body temperature is recorded as 36.7 °C, but the temperature of the inside body reaches up to 40 °C. Therefore, we may term 40 °C as the near-body temperature. The pyroelectric cycle for the χ = 0.1 blend shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a and for the χ = 0.9 blend shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b are also operated at lower temperatures (*T*~L~ = 25 °C) and higher temperatures (*T*~H~ = 40 °C) and found a maximum energy density (*N*~D~ = 3.44 J/cm^3^) for the χ = 0.9 blend, which is the highest possible energy obtained at the lowest F--P fluctuation of temperature, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c.

![Pyroelectric energy harvesting near body temperature at *T*~1~ = 25 °C and *T*~2~ = 40 °C at EH = 133.33 MV/m at 100 Hz frequency for (a) χ = 0.1 and (b) χ = 0.9. (c) A comparison of *N*~D~ values for χ = 0.1 and χ = 0.9 blends.](ao0c00871_0007){#fig7}

3. Conclusions {#sec3}
==============

For pyroelectric materials, if we change the temperature (d*T*), we may get a change in polarization (d*P*). At higher temperatures, as more domains get aligned, we may get more polarization saturation. As a result, additional charges may accumulate at the electrodes, which can be harvested to charge smart devices. For antiferroelectric materials, we get the enhancement in polarization because of their double hysteresis loop. In this research, we have blended a crystalline polymer with an amorphous polymer and obtained the antiferroelectric-like double hysteresis loop of polymer blends. In this work, we compared the energy densities (*N*~D~ and *U*~E~) at various electric fields and temperatures and found that the χ = 0.1 polymer blend has a maximum energy density than the rest of the polymer blends because of its antiferroelectric (ANF) behavior. The *N*~D~ for the χ = 0.1 blend is reported as 5.06 J/cm^3^ (at *T*~1~ = 70 °C, *T*~2~ = 90 °C, *E*~L~ = 0 MV/m, and *E*~H~ = 133.3 MV/m) and the *U*~E~ is reported as 3.18 J/cm^3^ at 70 °C and 133.3 MV/m. Interestingly, *N*~D~ is calculated for the χ = 0.9 blend as 3.44 J/cm^3^ at 40 °C by heating the pyroelectric polymer from 25 to 40 °C. We have reported that the *N*~D~ measured at lower temperatures (*T*~L~ = 25 °C) and higher temperatures (*T*~H~ = 40 °C) is the highest possible energy density at the lowest possible pyroelectric temperature in polymer blends.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00871](https://pubs.acs.org/doi/10.1021/acsomega.0c00871?goto=supporting-info).Polarization electric field versus temperature 3-D color contour graphs for the χ = 0.1--0.9 blend system ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00871/suppl_file/ao0c00871_si_001.pdf))
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χ = 0.1

:   10% P(VDF-TrFE) and 90% P(VDF-TrFE-CTFE)

χ = 0.9

:   90% P(VDF-TrFE) and 10% P(VDF-TrFE-CTFE)
